INTRODUCTION
During normal operation, the rotor is exposed to thermal and mechanical stresses. Above some acceptable limits these factors lead to premature aging of the rotor. Thermal stress normally affects the turn and ground insulation of the rotor poles [1] - [3] . This may lead to early refurbishment of the poles or in some cases to ground faults which can cause extensive damage.
Continuous monitoring of temperature of the field winding (rotor winding on synchronous machines) could provide early warning of accelerated aging due to abnormal temperatures and improve reliability of the equipment by proper condition based maintenance. However, measurement of temperature in several locations (e.g. field windings and pole connections) is not a trivial task. Such procedure was avoided in the past due to issues related to cost, reliability, difficulty of instrumentation and signal extraction [3] , [5] .
A common way to determine the rotor temperature is to measure the winding resistance and calibrate it to copper temperature change, but this method gives only an average temperature and does not address the problem
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Fiber Bragg Grating Used for HydroGenerator Rotor Temperature Monitoring 446 of hot spots. Point sensors (thermo-couples) were used in the past for rotor temperature monitoring, but the signal retrieval is not obvious and this requires installing long conductive wires on the rotor which rises long term safety concerns [2] . Another available monitoring method is to insert an infrared (IR) probe through a vent duct in the stator to measure the temperature of the poles passing in front of the probe. However it does not define the hot spots of the field winding and the measurement depends on the emissivity of the pole surface which is not always known and can be affected by contamination [3] .
To overcome these problems of the temperature monitoring, the systems using Fiber Bragg Grating (FBG) optical sensors were proposed. FBGs are used in power generators to monitor either the stator and the rotor. In [7] the FBG were installed behind each radiator around the stator winding for temperature monitoring Another use of FBGs in hydro-generators is exposed in [4] and [8] where a system that monitors rotor temperature and displacement using FBG sensors based on a interrogator that permits the visualization of the spectrum signal from the sensors is suggested. Two collimators, one fixed on the rotor and other fixed on the stator, extract the measurement data from the rotor to the monitoring system. In [5] , a system that monitors the rotor temperature by means of an array of FBG sensors in conjunction with a rotary joint was proposed. Some care must be taken when installing the FBG sensors on the rotor because of the high centrifugal force acting radially in the rotor [9] . The sensors are usually glued to the rotor winding using a thermal adhesive and covered with a epoxy silicone layer to insulate from the cooling air and protect against the pollution of the rotor environment.
Unlike FBG sensors traditional installations (embedded in structures of bridges, dams, tunnels, etc) where the influence of external disturbances such as the thermal gradient across the installation are avoided [6] , the FBG sensors used for rotor temperature monitoring installed at rotor pole surface form a three layer composite. One of the composite is a thermal adhesive to fix the sensor to winding surface, the sensor itself with its packaging and an additional protective silicone layer. This assembly is situated in a temperature gradient between the hot spot of the rotor copper and the adjacent cooling air. This means that the thermal stresses present during normal rotor operation can deform the materials and this can cause a bending of the sensor. The bending can induce an axial stress on the FBG sensor and since these sensors are sensitive to both axial stress and temperature [10] - [13] , the rotor temperature readings can lead to erroneous results.
In this work, we study the effects of thermo-mechanical stresses in a FBG sensor assembly. The experimental part of the work is based on laboratory tests where the assembly is installed on the rotor winding. The numerical multi-physics simulations using the Finite Element Method (FEM) and experimental results are compared and discussed.
II.
LABORATORY TESTS

A. The rotor winding mockup
The main function of the rotor is to produce a magnetic field on its windings. This field is generated by a DC current that flows in the coils wounded around the pole formed by plates of a magnetic material. Each coil is formed by a solenoid composed of turns of plane conductors welded in the corners as shown in Fig. 1 . 
B. The rotor winding mockup tests
The test on the rotor winding mockup consisted in temperature measurements in the five assigned temperature levels in the two ways: the first one was accomplished during the copper bar heating process. The assigned temperature level was reached during 10 min stabilization time order to attain the thermal equilibrium. This process was repeated up to the maximum assigned level. The second temperature measurement was carried out during the cooling process, which was fulfilled by using a fan to provide the air flux necessary to cool the setup and adjusting the power of the heating elements. 
C. The rotor winding mockup test results
The ordinates in Fig. 3 corresponds to the temperature readings of the FBG sensor and the average of the thermistors readings at the center position of the bars. The abscises are the temperatures of the predetermined assigned set point for a complete cycle of heating (see Table I ) and of cooling back down to 40°C. The inset in It can be seen from Fig. 3 that the difference between the FBG sensor and the thermistors readings increases with the copper bar temperature, reaching a maximum of 4,5°C at 100°C. Also it can be noticed that the FBG temperature is higher than the thermistors readings, which is an unexpected result, since the thermistors are in direct contact with the copper and the FBG has a thermal adhesive between it and the copper. According to [14] , it increases the thermal resistance and should give a reading temperature smaller than the one on the copper bar. Such a difference could be due to one of the following causes: (1) effect of copper thermal expansion in the axial direction. If the copper bars expand with the sensor fixed on them, they can provoke a mechanical stress in the axial direction of the FBG sensor which would induce false readings due to its strain sensitivity; (2) a bad thermistors installation used as reference, causing poor contact between copper and the probe; and (3) effect of a temperature gradient across the sensor installation, i. e. while the rotor winding mockup is at a fixed temperature, the air around is cooler and the sensor is installed at this interface. This gradient can cause unequal expansion of the materials that compose the sensor installation and could cause bending as shown in in the bottom part of Fig. 4 . Fig. 4 -FBG sensor deformation due to temperature gradient. When the gradient is 0 there is no deformation, when the temperature gradient is different from zero, the sensor will deform.
In order to test the hypothesis on the previous paragraph, the rotor winding mockup was put in an oven. The idea was to provide an environment where the rotor winding mockup and the copper bar was at the thermal equilibrium eliminating the temperature gradient between the top and the bottom of the FBG installation assembly. The first graph (Fig. 5a) shows the results for the rotor winding mockup when it was heated in the oven at 100°C and the second one shows the results for the rotor winding mockup heated by the heating elements (Fig. 5b) . It can be seen from these figures that the difference between readings of FBG sensors and the thermistors is smaller (less the 1°C) when the whole setup is heated in the oven in comparison with the case when the setup is heated by heating elements (around 5°C).
This analysis leads to the conclusion that the thermistors provide the the correct reading of temperature. Therefore, the above mentioned hypothesis (1) and (2) can be rejected. The thermal expansion effect can be discarded because if this hypothesis was true, the same difference should appear again when the rotor winding mockup was heated by the oven. This leaves hypothesis (3) to be tested. The next step in the research was to investigate the effect of a temperature gradient on the sensor assembly. For this a thermo-mechanical model of the sensor assembly was developed and numerical simulations using a multi-physics approach were carried out.
III. FBG THERMO-MECHANICAL MODEL
A thermo-mechanical model was used to understand how the temperature gradient can influence the FBG sensor readings. The problem is to calculate the temperature in the fiber core, which is the sensing portion of the fiber, and also the deformation and strain caused by the temperature gradient across the sensor assembly. The results obtained from this model were used to feed the optical model and to calculate the modifications in the refractive index and in the grating period. This allows one analyze the shift in the Bragg wavelength.
A. Thermo-Mechanical Model
The thermal stress across the sensor assembly was numerically calculated by using the COMSOL Multiphysics software that is based on the Finite Element Method. The calculation was carried out in two steps: first the temperature across the model was determined by using the software Heat Transfer interface and then the thermal stress was calculated by using the Thermal Stress Interface from the Structural Mechanics Module [15] . The result was then converted in wavelength shifts using Optical model described further. The optical temperature sensor based on FBG has a cylindrical shape. It is composed by an optical fiber embedded in a protection housing, the optical fiber is made of fused silica and has a core of 8.2mm and a cladding 125mm [16] , [17] . An alumina housing is mounted around the fiber to provide protection and mechanical decoupling.
For the traditional FBG applications this housing would be a sufficient protection, but in the harsh environment of a hydro-generator this kind of protection is not enough. As stated before the rotor is exposed to strong mechanical forces and thermal stresses [9] and as the sensor is to be installed on outer turns of the rotor windings, it will be submitted to the same stresses. So to avoid the sensor to detach from the rotor by the centrifugal force, it was mounted over a bed of thermal adhesive to provide a better thermal contact with copper conductors and to keep the sensor attached to the field winding.
A silicone layer completes the assembly and its function is to reduce the effect of the convective heat loss from the cooling fluid (air) which flows around the sensor [18] . The 3D model geometry is shown in Fig. 7 , the problem was treated with a mesh composed of 43160 free tetrahedral elements of the following types domain elements, 10.968 boundary elements and 1201 edge elements, these elements are well defined on [19] , Fig. 8 shows the model with the mesh. This figure provides also the type of materials used in the sensor installation. The sensor presents a three layer composite. The bottom part of the assembly which is in contact with the copper representing the field winding, is the epoxy thermal adhesive. The heat will be conducted from the copper conductor through the adhesive and then through the sensor housing until it reaches the fiber core. The heat will then be conducted through the silicone layer to the top of the model. Fig. 8 shows a sketch of the cross-section of the sensor installation and heat flow path through the structure. This process is governed by equation (1), where ρ is the density (kg/m³); c p is the specific heat capacity; u is the velocity vector; T is the absolute temperature; k is the thermal conductivity; Q is the power density, that in this study is zero.
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From this point the thermal energy will be conveyed by natural convection to the air and is decribed by equations (2) and (3) 
Equation (2) represents a specified heat flux boundary condition where q is conductive heat flux vector; n is the unit normal vector at the boundary and q 0 is the heat flux normal to the boundary [15] .
There are two boundary conditions of this type, the first one is a special case called thermal insulation boundary condition where q 0 is zero and in this case n·q=0 [15] . 
where λ B is the Bragg wavelength, n eff is effective refraction index and Λ is the grating period. The FBGs are sensitive to strain and temperature and due to this feature they can be used as distributed sensor network where several sensors are inscribed along the fiber giving point readings of the variables described above. The strain or temperature are measured according to the shift of the Bragg wavelength caused by the modification of the refractive index or the grating period due to the elastooptic effect and fiber deformation due to stress or thermo-optic effect or fiber thermal expansion for the temperature [10] - [14] . Equation (6) is used to model all the effects:
where Dl B is the shift on Bragg wavelength, n is the refraction index, L is the grating period, P ij are the Poeckels coefficients, n is the Poisson ratio, ε is the strain, α is the thermal expansion coefficient and DT is temperature variation.
It can be easily seen from equation (5) that the Bragg wavelength shift can be rewritten as follows:
The values of temperature variation and strain are obtained from the numerical simulation of the thermo-mechanical model and used in Equations (8) and (9) to calculate the shift of the Bragg wavelength due temperature (Dl BT ) and strain (Dl BS ). Notice that equation (7) gives the total shift of the Bragg wavelength.
The next step is to calculate the new Bragg wavelength (l B1 ) using equation:
Simulation Results for the Rotor winding mockup Fig. 9 shows a temperature gradient of 17.7°C observed between the top (right hand side of the graph) and the bottom (left part of the curve) of the assembly (thermal adhesive + FBG + silicone) modeled in this graph. This temperature difference occurs due to the thermal stress acting on the FBG sensor. As the temperature gradient across the sensor assembly increases, the thermal stress increases two, Equation (4) in the text shows that the thermal stress is directly proportional to temperature gradient. The thermal stress appears due to the assembly bending caused by the different coefficients of thermal expansion of the materials used. How the FBG sensor response is influenced by the temperature and strain changes, the effects of temperature and strain add and cause this difference in temperature readings. This effect was observed during the tests in the field winding mock up.
The impact on actual measurements will occur due to the fact that when the sensors are installed on the generator rotor there will be a temperature gradient between the field winding surface and the air circulating inside the generator. If this gradient is high enough to cause the assembly bending, this could make the sensor reads a temperature value greater than the actual one and lead to wrong a decision, stopping the machine unnecessarily for instance.
The circle in Figure 9 shows where the FBG sensor is located. When the copper temperature is 100°C, the calculated temperature at the core of the fiber of 98.9°C, without any contribution of the strain in this calculation, as shown in Fig. 9 . It should be pointed out that the actual FBG temperature reading in this condition (100.0°C set point, and natural convection) was of 102.3°C (in the mockup).
Thus the FBG temperature calculated in the model is 3.4 °C below the actual temperature read by the FBG. This difference is very close to the 4.5 °C recorded between the FBG readings and the thermistors average found in the mockup at 100.0°C. The value of Dl B was used in Equation (11) that was provided by the sensor manufacturer [21] to calculate the temperature. The results of this correction are shown in Table III . It can be seen by the tabulated results that the temperature value reading by the FBG sensor is very close to that obtained by the optical model when the strain produced by the temperature gradient is considered. If the strain value is disregarded on Equations (6) and (8), the temperature calculated by the optical model stays close to the temperature calculated by FEM on the thermo-mechanical model. 
where T is the temperature in (°C), l is the wavelength calculated from Equation (10) The next step was to simulate the FBG assembly behavior for an actual generator winding where a temperature of 121.4°C was imposed as the field winding temperature as the Dirichlet boundary condition. This temperature was estimated by taking the readings of an actual FBG sensor (123.7°C in average) installed on a Hydro-Québec generator as described in [5] from which was subtracted 2.3°C
from it. This value of 2.3°C was obtained from the experiments on the rotor winding mockup which shown that in average the FBG temperature was slightly higher than the actual copper temperature by this value.
The temperature difference was determined by the tests carried out on the rotor winding mockup and described in Section II. In this case, the forced convection process of the generators with radial cooling through rim ducts was considered and simulated using the local convection coefficient h around the field winding conductor of 85 W/m² determined in [22] . Figure 10 shows that in such conditions, a 35°C gradient builds up across the FBG sensor assembly. Table V. This   Table compares the temperatures measured by the FBG sensors installed on the generator with that calculated by the optical model with and without strain and compares the temperature between the optical model without strain and the thermo-mechanical model (two last columns in Table V) .
When the strain is added to the optical model there is an increase of about 6°C in the calculated reading of the FBG (second column in the Table V) , so the mechanical decoupling of the FBG is not perfect. However, since the active part of the sensor is in indirect contact with the copper surface its reading is lower than the actual hotspot, but this difference was almost perfectly compensated by the strain from the bending of the FBG assembly. This resulted in a measured temperature on the generator (first column) similar to the calculated one. It can be seen from these results that the difference is negligible.
Thermal Adhesive IV.
CONCLUSION
We studied in this paper influence of the temperature gradient across the different materials that compose an FBG sensor assembly on its readings. Experimental tests in a field winding experimental set-up were performed and the difference of 4.5°C was found between the FBG and the thermistor readings used as references. A thermo-mechanical multiphysics model of the FBG assembly placed on the field winding was used to calculate the axial strain in the sensor. The results of the model simulations agreed with experimental results and showed that the bending caused by the silicone layer of the sensor produces an axial strain. This strain is responsible for the change in the FBG reading. Our future work will be focused on the optimization of the sensor structure in order to minimize the error in the FBG readings.
